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(54) Field emitting device comprising f ield^oncent rating nanoconductor assembly and method 
for making the same 

(57) This invention is predicated on applicants' dis- 
covery that a highly oriented nanoconductor structure 
alone does not guarantee efficient field emission. To the 
contrary the conventional densely populated, highly on- 
ented structures actually yield relatively poor field emis- 
sion characteristics. Applicants have determined that 
the individual nanoconductors in conventional assem- 
blies are so closely spaced that they shield each other 
from effective field concentration at the ends, thus 
diminishing the driving force for efficient electron emis- 
sion. 

In accordance with the invention, an improved field 
emitting nanoconductors assembly (a "low density 
nanoconductor assembly") comprises an array of nano- 
conductors which are highly aligned but spaced from 
each other an average distance of at least 10% of the 
average height of the nanoconductors and preferably 
50% of the average height. In this way, the field strength 
at the ends will be at least 50% of the maximal field con- 
centration possible. Several ways of making the opti- 
mally low density assemblies are described along with 
several devices employing the assemblies. 
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Descripti n 

Cross Reference T Related Applications 

[0001] This application claims the benefit of United 
States Provisional Application No. 60/144,277 of identi- 
cal title filed by the present inventors on July 15, 1 999. 

Field Of Invention 

[0002] This invention pertains to field emitting 
d vices and, in particular, to field emitting devices com- 
prising field-concentrating nanoconductor assemblies 
and to methods for making such devices. 

Background Of The Invention 

[0003] Field emitting devices are useful in a wide 
vari ty of applications. A typical field emitting device 
comprises a field emitting assembly composed of a 
cathode and a plurality of field emitter tips. The device 
also typically includes a grid closely spaced to the emit- 
ter tips and an anode spaced further from the cathode. 
Voltage induces emission of electrons from the tips, 
through the grid, toward the anode. Applications include 
flat panel displays, klystrons and traveling wave tubes, 
ion guns, electron beam lithography, high energy accel- 
erators, free electron lasers, and electron microscopes 
and microprobes. One of the most promising applica- 
tions is thin ) matrix-addressed flat panel displays. See, 
for example, Semiconductor International . December 
1991, p. 46; C. A. Spindt et al., IEEE Transactions on 
Electron Devices, vol. 38, pp. 2355 (1991); I. Brodie and 
C. A. Spindt, Advances in Electronics and Electron 
Physics , edited by P. W. Hawkes, vol. 83, pp. 1 (1 992); 
and J. A. Costellano, Handbook of Display Technology. 
Academic Press, New York, pp. 254 (1 992), all of which 
are incorporated herein by reference. 
[0004] A conventional field emission flat panel dis- 
play comprises a flat vacuum cell having a matrix array 
of microscopic field emitters formed on a cathode and a 
phosphor coated anode disposed on a transparent front 
plate. An open grid (or gate) is disposed between cath- 
ode and anode. The cathodes and gates are typically 
inters cting strips (usually perpendicular) whose inter- 
s ctions define pixels for the display. A given pixel is 
activated by applying voltage between the cathode con- 
ductor strip and the gate conductor. A more positive 
voltage is applied to the anode in order to impart a rela- 
tively high energy (400-5,000 eV) to the emitted elec- 
trons. For additional details see, for example, the U.S. 
Patents Nos. 4,940,916; 5,129,850; 5,138,237 and 
5,283,500, each of which is incorporated herein by ref- 
erence. 

[0005] A variety of characteristics are advanta- 
geous for field emitting assemblies. The emission cur- 
rent is advantageously voltage controllable, with driver 
voltages in a range obtainable from "off the shelf" inte- 



grated circuits. For typical CMOS circuitry and typical 
display device dimensions (e.g. 1 nm gate-to-cathode 
spacing), a cathode that emits at fields of 25 V/u,m or 
less is generally desirable. The emitting current density 

s is advantageously in the range of 1-10 mA/cm 2 for flat 
panel display applications and >lO0mA/cm 2 for micro- 
wave power amplifier applications. The emission char- 
acteristics are advantageously reproducible from one 
source to another and advantageously stable over a 

w long period of time (tens of thousands of hours). The 
emission fluctuations (noise) are advantageously small 
enough to avoid limiting device performance. The cath- 
ode should be resistant to unwanted occurrences in the 
vacuum environment, such as ion bombardment, chem- 

75 ical reaction with residual gases, temperature extremes, 
and arcing. Finally, the cathode manufacturing is advan- 
tageously inexpensive, e.g. devoid of highly critical 
processes and adaptable to a wide variety of applica- 
tions. 

20 [0006] Previous cathode materials are typically 
metal (such as Mo) or semiconductor (such as Si) with 
sharp tips. While useful emission characteristics have 
been demonstrated for these materials, the control volt- 
age required for emission is relatively high (around 100 

25 V) because of their high work functions. The high con- 
trol voltage increases damage due to ion bombardment 
and surface diffusion on the emitter tips and necessi- 
tates high power densities to produce the required 
emission current density. The fabrication of uniform 

30 sharp tips is difficult, tedious and expensive, especially 
over a large area. In addition, these materials are vul- 
nerable to deterioration in a real device operating envi- 
ronment involving ion bombardment, chemically active 
species and temperature extremes. 

35 [0007] Diamond emitters and related emission 
devices are disclosed, for example, in United Sates Pat- 
ents Nos. 5,129,850, 5,138,237, 5,616,368, 5,623,180, 
5,637,950 and 5,648,699 and in Okano et al., Appl. 
Phys. Lett. vol. 64, p. 2742 (1994), Kumar et al., Solid 

40 State Techno!, vol. 38, p. 71 (1995), and Geis et al., J. 
Vac. ScL Technol. vol. B14, p. 2060 (1996), all of which 
are incorporated herein by reference. While diamond 
field emitters have negative or low electron affinity, the 
technology has been hindered by emission non-uni- 

45 formity, vulnerability to surface contamination, and a 
tendency toward graph'rtization at high emission cur- 
rents (>30mA/cm 2 ). 

[0008] Nanoscale conductors ("nanoconductors") 
have recently emerged as potentially useful electron 

so field emitters. Nanoconductors are tiny conductive nan- 
otubes (hollow) or nanowires (solid) with a size scale of 
the order of 1 .0 - 1 00 nm in diameter and 0.5 - 1 0 \xm in 
length. Carbon nanotubes, which are representative, 
are a stable form of carbon which features high aspect 

55 ratios (>1,000) and small tip radii of curvature (1-50 
nm). These geometric characteristics, coupled with the 
high mechanical strength and chemical stability, make 
carbon nanotubes especially attractive electron field 
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emitters. Carbon nanotube emitters are disclosed, for 
example, by T. Keesmann in German patent No. 
4 405 768, and in Rinzler et al., Science, vol. 269, 
p'l550 (1995), De Heer et al., Science, vol. 270, p. 
1 179 (1995), Sato et al., Jpn. J. Appl. Phys. Vol. 37, p. 
L346 (1998), Wang et al., Appl. Phys. Lett., vol. 70, p. 
3308, (1997), Saito et al., Jpn. J. Appl. Phys. Vol. 36, p. 
L1340 (1997), Wang et al., Appl. Phys. Lett. vol. 72, p 
2912 (1998), and Bonard et al., Appl. Phys. Lett., vol. 
73 p 918 (1998), all of which are incorporated herein 
by' reference. The synthesis of conductive nanowires 
based on semiconductor materials such as Si or Ge has 
also been reported. See, for example, A.M. Morales et 
al. Science, Vol. 279, p. 208 (1998), which is incorpo- 
rated herein by reference. 

[0009] Nanoconductors are which are grown in the 
form of randomly oriented, needle-like or spaghetti-like 
powders that are not easily or conveniently incorporated 
into a field emitter device. Due to this random configura- 
tion the electron emission properties are not fully uti- 
lized or optimized. Many nanoconductor tips may be 
buried in the mass. Ways to grow nanoconductors in an 
oriented fashion on a substrate are disclosed in Ren et 
al Science . Vol. 282, p. 1105 and Fan et al., Science, 
Vol. 283, p. 512, both of which are incorporated herein 
by reference. 

summary Of The In vention 
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[0010] This invention is predicated on applicants' so 
discovery that a highly oriented nanoconductor struc- 
ture alone does not guarantee efficient field emission. 
To the contrary, the conventional densely populated, 
highly oriented structures actually yield relatively poor 
field emission characteristics. Applicants have deter- 35 
mined that the individual nanoconductors in conven- 
tional assemblies are so closely spaced that they shield 
each other from effective field concentration at the ends, 
thus diminishing the driving force for efficient electron 

40 

emission. 

[0011] In accordance with the invention, an 
improved field emitting nanoconductors assembly (a 
•low density nanoconductor assembly") comprises an 
array of nanoconductors which are highly aligned but 
spaced from each other an average distance of at least 45 
10% of the average height of the nanoconductors and 
preferably 50% of the average height. In this way, the 
field strength at the ends will be at least 50% of the max- 
imal field concentration possible. Several ways of mak- 
ing the optimally low density assemblies are described so 
along with several devices employing the assemblies. 

Bri f Description O f The Drawings 

[0012] The nature, advantages and various addi- 55 
tional features of the invention will appear more fully 
upon consideration of the illustrative embodiments now 
to be described in detail in connection with the accom- 



panying drawings. In the drawings: 

Figs. 1(a) and 1(b) illustrate pertinent features of 
conventional nanoconductor assemblies; 

Figs. 1(c) and 1(d) show corresponding features of 
low density nanoconductor assemblies; 

Figures 2(a) and 2(b) are simulation plots of electri- 
cal potential near the field emission site at the 
nanoconductors of an assembly as a function of the 
ratio of nearest neighbor distance (d) over the tube 
height (h). 

Figures 3-9 schematically illustrate various tech- 
niques of making low-density nanoconductor 
assemblies; and 

Rgs. 10-17 illustrate a variety of field emission 
devices using the low-density assemblies. 

[0013] It is to be understood that the drawings are 
for purposes of illustrating the concepts of the invention 
and are not to scale. 

retailed Description 

[001 4] This disclosure is divided into two parts. Part 
I describes the problem of poor nanoconductor field 
emission performance and discloses low density nano- 
conductor assemblies as a solution to this problem, 
along with several methods of making the low-density 
assemblies. Part II describes improved devices using 
the low-density assemblies and methods for making the 
improved devices. 



I. Improved Nanotub * Assemblies 

[001 5] Applicants have discovered that despite their 
promising features for field emission, some convention- 
ally fabricated nanoconductor assemblies perform 
poorly as field emisssioh devices. For example, CVD 
grown carbon nanotube assemblies have highly ori- 
ented nanotubes of small diameter (0.8 - 1 .3 nm) which 
provide effective field concentration and provide a high 
concentration of tube ends exposed to the assembly 
surface. Nonetheless emission results are poor. Th 
devices exhibit high emission threshold fields and pro- 
vide low current density. 

[0016] Applicants have further discovered that 
nanoconductor assembly performance, including emis- 
sion current density, can be enhanced by reducing the 
surface density of the nanoconductors. It was hypothe- 
sized that in conventional assemblies the density of 
highly oriented nanoconductors was too high. The 
nanoconductors were too closely spaced and this close 
spacing reduced the field concentration at the emitting 
ends. 
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[0017] Qualitatively, this problem can be visualized 
by reference to Figs. 1 (a) and 1 (b) which schematically 
illustrate prior art nanoconductor assemblies having a 
high density of oriented conductors. The aligned nano- 
conductors 10 extend from the surface of a substrate 5 
11. In Fig. 1(a) the nanoconductors have a high, rela- 
tively uniform surface density. In Fig. 1(b) the nanocon- 
ductors are in clusters 1 4 of high surface density. The 
field concentration of each nanoconductor end is 
scr ened and shielded by the presence of neighboring h 
nanoconductors. 

[0018] The shielding or screening effect of applied 
electric field from neighboring nanoconductors is calcu- 
lated and illustrated in Figures 2(a) and 2(b). These 
graphs plot the potential at the end vs. the spac- 1a 
ing/height ratio (d/h) of the conductors. It can be seen 
that, for d/h > 2.5, the potential at the end reaches at the 
highest possible level, indicating fullest field concentra- 
tion at the end. For d/h < 2.5, the potential at the end 
starts to drop. At d/h = 0.1, the potential is only about 20 
65% of the maximum potential attainable for h = 300nm 
(Fig. 2a), and about 50% of the maximum potential 
attainable for h = 100nm (Fig. 2b). This suggests that 
when the conductor spacing is less than 2.5 times the 
height, neighboring conductors interfere with the field 25 
distribution and provide screening or shielding. As a 
result, the field concentration is reduced, and the field 
strength falls toward the average field determined by the 
voltage and the average anode-cathode separation, 
thus eliminating the beneficial effect of the high-aspect- 30 
ratio nanoconductor geometry. 

[0019] The simulation results of Fig.2 suggest the 
use of low density aligned nanoconductor assemblies, 
such as those shown in Figures 1 (c) and 1 (d). Here the 
low density spacing among individual conductors 10 35 
(Figure 1c) or small bundles 15 (Figure 1d) meets the 
general condition of d/h > 0.1 . In low density assemblies 
the field strength at the emitting ends is at least equal to 
or greater than -50% of the maximum field strength 
achievable. The more desired d/h ratio is at least 0.2, 40 
pr ferably at least 0.5, and even more preferably at least 
1 .0. The desired field concentration at the emitting ends 
in th inventive structure is increased at least by a factor 
of 5 and preferably at least by a factor of 20 as com- 
pared to dense prior art nanoconductor assemblies. 45 
[0020] Figs. 3(a) - 3(d) schematically illustrate an 
exemplary method for making low density nanoconduc- 
tor assemblies. As shown in Fig. 3(a), nanoconductor 
are typically deposited on substrate 1 1 in a mass 30 of 
tangled, high-aspect-ratio needles or fibers with random so 
orientation. They can be prepared by a number of syn- 
thesis techniques including arc discharge, chemical 
vapor deposition and laser ablation onto a substrate or 
by disposing (such as through spraying) pre-formed 
nanoconductors onto a substrate. Single-wall carbon 55 
nanotubes typically exhibit a diameter of 0.8-6 nm and 
are often made in the form of a bundle. Multi-wall carbon 
nanotubes contain many concentric graphite sheets 



and typically exhibit a diameter of 5-50 nm. The aspect 
ratio for both types is typically 100-10,000, and both 
types have small-dimension, field-concentrating ends 
useful for electron emission. 

[0021] The nanoconductors are preferably depos- 
ited on conductive substrates 1 1 such as metals, con- 
ductive ceramics or polymers. Desirably, the 
nanoconductors exhibit good adhesion to the substrate, 
using, for example, the techniques disclosed in copend- 
ing United States application S.N. 09/236,966 by Jin ef 
a/., filed January 25, 1 999 and entitled "Article Compris- 
ing Enhanced Nanotube Emitter Structure and Process 
For Fabricating Article", which is incorporated herein by 
reference. 

[0022] The tangled mass 30 is then subjected to an 
external electric field applied normal to the film surface 
during field emission. As shown in Fig. 3(b) loose nano- 
conductor ends 10 in this tangled structure will tend to 
stand up and align themselves with the electric field 
lines. As a result, we have aligned nanoconductor ends 
10 exposed in the field, the density of which is low 
enough to meet the d/h > 0.1 criterion because of the 
random and tangled nature of the film 30. The ends can 
optionally be further trimmed by, e.g. using a hot blade 
and spacer or using a laser beam to create aligned nan- 
otube ends with equal height to further optimize the 
emission properties. Such trimming is described in 
greater detail in copending United States application 
S.N. 09/236,933 by Jin etal., filed January 25, 1999 and 
entitled "Article Comprising Aligned, Truncated Carbon 
Nanotubes and Process For Fabricating Article", which 
is incorporated herein by reference. Fig. 3(c) illustrates 
trimming of excess portions 10A using spacers 31, and 
Fig. 3(d) shows the equal height nanoconductors 10 
produced by the trimming. 

[0023] The average distance d and average height 
h for calculating the ration d/h may be defined analyti- 
cally. In the case where the nanoconductors are of sub- 
stantially uniform length, the average distance 




where o is the areal number density of nanoconductors. 
This distance d is a typical distance from one nanocon- 
ductor to another. Where the nanoconductors are of 
substantially uniform length and are substantially per- 
pendicular to the substrate, the average height h is sim- 
ply the average length of the nanoconductors. If the 
lengths are uniform but not perpendicular to the sub- 
strate, h is the average distance of the nanoconductor 
tops from the substrate. Where the lengths are substan- 
tially nonuniform we can define an upper reference 
plane at a distance Z above the substrate, just below the 
tops of the tall st few nanoconductors. (These are the 
nanoconductors that will be emitting almost al|Jje elec- 
trons.) Analytically we can calculate Z = (z, 15 ) 1 ' 15 
where the heights Zj are the distances of the nanocon- 
ductor tops from the substrate and the mean z; 15 is 
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taken over all nanoconductors. The value for d is calcu- 
lated as above, from the areal density of nanoconduc- 
tor ends above the upper reference plane. We then 
define a lower reference plane at the mean height of the 
nanoconductor film. For a film where the nanoconduc- 
tors are parallel and uniform, this plane is halfway up the 
nanoconductors. For a moderately disordered film, the 
plane to at a height of Z = 1/2E(Z,) 2 / ZZ t where the 
summations are taken over all nanoconductors. The 
average height of the nanoconductors h is then twice 
the distance between the upper and lower reference 
planes This results in d/h ratios for disordered films that 
correspond well to the values for ideal ordered films. 
The parameters to be taken over all nanoconductors 
can, of course, be estimated by sampling in accordance 
with accepted statistical practice. 
[0024] Figure 4 presents an alternative method of 
making low density nanoconductor assemblies using a 
substrate 11 with pre-determined nucleation sites 40 
exposed to the deposition environment. An exemplary 
substrate can be prepared by mixing metal powders, 
such as Cu, with fine nanoparticles of Fe, Co, N. or their 
oxide particles as catalyst for nanoconductor nucleation 
and growth. The size of these particles is preferred in 
the range of 1 -50 nm, more preferably in the range of 1- 
10 nm range. The volume percentage of the catalytic 
particles is preferred less than 50%, and more prefera- 
bly less than 30%. _ 
[0025] The mixture is then pressed, sintered, pol- 
ished and heat treated in a reducing atmosphere such 
as H, orforming gas to reveal nanoparticles of Fe. Co or 
IMi on the surface as nucleation sites. Alternatively, the 
surface reduction can be performed in-situ in the depo- 
sition chamber prior to the nanoconductor growth, to 
avoid re-oxidation of the metal catalyst particles due to 
exposure to air. The nanoconductors will grow on the 
exposed catalytic particles with a relatively low density 
partly because of the controlled volume percentage of 
catalytic particles contained in the alloy substrate and 
partly because of the substantially limited number of the 
catalytic particles exposed on a given sectioned or pol- 
ished surface of the composite substrate material. 
[0026] Another way of preparing a substrate with 
nucleation sites to illustrated in Figs. 5(a) - 5(d). As 
shown in Fig. 5(a), catalytic particles 40 are suspended 
in a colloidal or dilute solution and sprayed through a 
nozzle 50 onto a substrate 11. The sprayed particles 
are optionally diffusion bonded to the substrate by heat 
treatment to increase the adhesion as illustrated in Fig. 
5(b) A substantial fraction of the sprayed catalytic parti- 
cles are then made invalid by covering them with a non- 
catalytic layer 51 of metal (e.g. Cu), ceramic (e.g. Si0 2 ) 
or polymer to reduce the numb r of catalytic particles 
that are exposed to the surface. This is shown in Fig. 
5(c) In this way, the nucleation density of nanoconduc- 
tors is reduced. The overlayer can be deposited either 
by vacuum deposition (e.g. sputtering or evaporation) or 
by simple spraying. The overlayer can also be patterned 



lithographically, so that as shown in Fig. 5(d) the result- 
ing low density array of nanoconductors 10 is also pat- 
terned. 

[0027] Figs. 6(a) - 6(d) present yet another way of 
s preparing a substrate with nucleation sites. Here, the 
catalyst metals (such as Fe, Co, Ni) are deposited onto 
a substrate as a thin film 60, e.g., a film with a thickness 
in the range of 1 -20 nm, by either chemical vapor depo- 
sition electrochemical deposition or physical vapor dep- 
w osltio'n techniques. The substrate 11 is preferably a 
conductive material with a large mismatch in lattice con- 
stant with respect to that for the catalyst metal film. The 
large mismatch will create large strains in the catalyst 
metal film. The deposited film is then subject to a high 
J5 temperature heat treatment, e.g. 200-600° C for 0.1-10 
hours preferably in an inert or vacuum environment As 
shown in Fig. 6(b) formation of islands 61 will be 
induced during this heat treatment in order to reduce 
the strain and overall energy in the film 60. These fine 
so islands 61 will serve as nucleation sites for the carbon 
nanotubes. To reduce the density of nanoconductors, a 
fraction of these catalyst islands can be covered by a 
non-catalyic layer 51 as shown in Fig. 6 (c). The nano- 
conductors 10 are then selectively grown on these lim- 
25 ited number of catalyst particles by using known 
methods such as chemical vapor deposition (Fig. 6 (d». 
[0028] The density of nanoconductors can also be 
controlled by selectively filling catalyst particles 40 into 
a porous substrate 11 A as illustrated in Fig. 7(a). Here, 
30 nanoporous materials such as porous silicon or silica 
are used as substrate 1 1 A with only a small fraction of 
its available pores 70 filled with catalyst particles 40. 
The pores 70 are preferably open pores, more prefera- 
bly surface recessed pores, with the size in the range of 
35 1-1 00 nm. The filling of catalyst particles can be accom- 
plished by short-duration vacuum deposition, pressu- 
rized slurries, or via eletcrochemical means. As shown 
in Fig 7(b) the nanoconductors 10 will nucleate and 
grow only from the pores possessing catalyst particles. 
ao The nanoconductors will generally tend to align them- 
selves due to the limitation placed by the vertically con- 
figured pore geometry. Electric fields can optionally b 
applied during the growth for further alignment. 
[0029] Undesirably excessive filling of catalyst par- 
45 tides in the pores can occur by either excessive pore fill- 
ing or by doping of highly porous ceramic or glass 
material. Fig. 8(a) illustrates such excessive pore filling. 
In such cases, partial coverage by non-catalytic films 51 
can be used to reduce the nucleation density of nano- 
so conductors. Fig. 8(b) illustrates partial coverage by a 
non-catalyic film 51, and Fig. 8(c) shows the resulting 
low density growth of nanoconductors 1 0. 
[0030] Another processing technique shown in 
Figs 9(a) - 9(c) involves a porous substrate 11 A (Fig. 
55 9(a)) The nanopores 70 of the substrate are filled with 
a diluted solution or slurry 90, e.g., aqueous or solvent 
solution containing a catalyst metal (Co, Ni, Fe) in the 
forms of ions or slurry containing catalyst particles 40. 
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The filling can be by spray deposition or by suction from 
the backside (see Fig. 9(b)). The solution or slurry 90 is 
then heat-treated to decompose or burn-off the matrix 
solution and form catalyst islands 91 within the pores 
(Fig. 9(c)). The surface of the porous material is then 
polished mechanically or ion milled to remove any 
excessive amount of catalyst particles and decomposi- 
tion products (Fig. 9(d)). Nanoconductors 10 are then 
grown from the reduced number of nucleation sites dic- 
tated by the presence of catalyst particles (see Fig 
9(e)). 

[0031] For certain field emission applications, the 
uniformity of emitter height such as the height of aligned 
nanoconductors is important, partly to avoid a cata- 
strophic failure by shorting between cathode and anode 
or between cathode and gate, and partly to ensure max- 
imum field-concentration and efficient electron emission 
from the majority of nanoconductor ends. The field-con- 
c ntrating assembly structures described in Figures 5-9 
can further be improved by trimming and equalizing the 
nanoconductor height, e.g., by using the method of Fig- 
ure 3(c), to within 20% variation. 



II. Improved Field E mitting Devices 

[0032] The improved low-density nanoconductor 
assemblies are useful for variety of devices, including 
microwave vacuum tube amplifier devices and flat panel 
field emission display devices. Because efficient elec- 
tron emission at low applied voltages is typically 
improv d by the presence of accelerating gate elec- 
trode in close proximity to the emitting source (typically 
about 1-10 u.m distance), it is advantageous to have 
numerous gate apertures to enhance the capability of 
the emitter structure. Specifically, a fine-scale, micron- 
sized gate structure with numerous gate apertures is 
advantageous for attaining high emission efficiency. 
[0033] Fig. 10 schematically illustrates a general- 
ized fi Id emission device 100 comprising a low density 
nanoconductor assembly and a grid structure 101 
form d adjacent the assembly. The grid 101 is a con- 
ductive element placed between the electron emitting 
assembly and an anode 1 02. The grid is separated from 
the cathode 103 but is placed sufficiently close to the 
nanoconductor emitter assembly to excite emissions 
(typically within 10 urn of the emitting nanoconductor 
tips). This close spacing is possible only if the emitter 
tips have relatively uniform height. 
[0034] The grid 1 01 is generally separated from the 
cathode 103 by an electrically insulating spacer layer 
1 04 such as aluminum oxide or silicon dioxide. Advanta- 
geously, the grid comprises an electrically conducting 
layer, e.g., a thin film or thin foil, with a multitude of aper- 
tures 105. Within each aperture, a multiplicity of nano- 
conductors 10 emit electrons when a field is applied 
between the cathode and the grid. Insulating spacers 
1 06 keep the anode and cathode spaced apart. 
[0035] The dimension of the grid apertures 105 is 



typically in the range of 0.05-1 00 urn in average maxi- 
mum dimension (e.g., diameter), advantageously at 
least 0.1 |im f and more advantageously at least 0.2 ujn 
for ease of manufacturing. The average maximum 
5 dimension is advantageously no more than 20 jim, 
more advantageously no more than 5 urn in order to 
increase the density of grid apertures and to reduce the 
voltage necessary to achieve electron emission. Circu- 
lar apertures are advantageous in that they provide a 
io desirable collimated electron beam with relatively low 
perpendicular momentum spread. The thickness of the 
grid conductor is typically in the range of 0.05-100 fim, 
advantageously 0.05-10 um. The grid conductor mate- 
rial is typically chosen from metals such as Cu, Cr, Ni, 
75 Nb, Mo, W or alloys thereof, but the use of conductive 
ceramic materials such as oxides, nitrides, and carbides 
is also possible. The apertured (or perforated) grid 
structure is typically prepared by conventional thin film 
deposition and photolithographic etching. Advanta- 
ge geously the grid is a high density apertured gate struc- 
ture such as described in U.S. Patents Nos. 5,681 ,196 
and 5,698,934, which are hereby incorporated herein by 
reference. The combination of very fine nanoconductor 
emitters with a high-density gate aperture structure is 
25 particularly advantageous. 

[0036] Such a high density gate aperture structure 
is conveniently formed using the particle mask tech- 
niques described in the aforementioned 5,681 ,196 pat- 
ent. Specifically, after formation of the nanoconductor 
30 emitter structure, mask particles (metal, ceramic, or 
plastic particles typically having maximum dimensions 
less than 5 jim and advantageously less than 1 um) are 
applied to the emitter surface, e.g., by spraying or sprin- 
kling. A dielectric film layer such as Si0 2 or glass is 
35 deposited over the mask particles as by evaporation or 
sputtering. A conductive layer such as Cu or Cr is then 
deposited on the dielectric while maintaining the mask 
particles in place. Because of the shadow effect, the 
emitter areas underneath each mask particle have no 
40 dielectric film. The mask particles are then easily 
brushed or blown away, leaving a gate electrode having 
a high density of apertures. 

[0037] Fig. 1 1 illustrates fabricating an emitter grid 
structure using the such a particle mask technique. The 

45 mask particles 110 are located above the protruding 
nanoconductor emitters 10. Upon deposition of the 
insulating layer 104 and the grid conductor layer 101, 
the mask particles 110 block portions of the nanocon- 
ductor emitters 10. When the mask particles 110 are 

so removed, nanoconductors 10 are exposed through the 
resultant apertures. The resultant structure is then 
capable of being incorporated into a device. 
[0038] Fig. 12 is a schematic cross section of a 
microwave vacuum tube amplifier device - here a 

55 traveling wave tube (TWT) using the improved nanocon- 
ductor assemblies. The tube device contains an evacu- 
ated tube 120, a source of electrons in the form of an 
electron gun 121, an input window 122 for introducing a 
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microwave input signal, an interaction structure 123 
where the electrons interact with the input signal, and a 
microwave output window 124 where microwave power 
derived from the electrons is taken out of the tube. In the 
case of a TWT, other desired components typically s 
include a focusing magnet (not shown) to focus the 
beam of electrons through the interaction structure 123, 
a collector 125 to collect the electron beam after the out- 
put microwave power has been generated and an inter- 
nal attenuator (not shown) to absorb microwave power 10 
reflected back into the tube from mismatches in the out- 
put For a TWT, the interaction region 123 is typically a 
conductive helix for broadband applications and a cou- 
pled-cavity region for high power applications. The elec- 
tron gun 121 is an electron source that generates, , 5 
accelerates and focuses an electron beam to follow a 
desired trajectory after it leaves the gun. 
[0039] Fig. 13 schematically illustrates a conven- 
tional electron gun comprising a thermionic cathode 
130 one or more grids 131 for inducing emission of 20 
electrons, focusing electrodes 132 for focusing the elec- 
trons into a beam, and apertured anode 133 for further 
directing the beam 134 into interaction structure 123. 
For TWT applications, a long, thin electron beam at rel- 
atively low voltage and high current density is advanta- 25 
geous Electron guns range in configuration from a 
planar cathode faced by a planar anode to more elabo- 
rate designs such as Pierce guns, conical diode elec- 
trodes concentric cylinders or spherical cap cathodes. 
[0040] The cathode 130 and grid 131 are the 30 
source of electrons for the electron beam in the TWT of 
Fig 12 The cathode advantageously has the following 
properties and capabilities: (1) exhibit a surface able to 
emit electrons freely without the necessity of external 
excitation such as heating or bombardment, (2) supply 35 
a high current density, (3) long operating life with its 
electron emission continuing substantially unimpaired, 
(4) allow production of a narrow beam with a small 
spread in electron momentum, and (5) allow production 
of a modulated electron beam at or near the cathode. In <w 
contrast to conventional thermionic cathodes, cold cath- 
odes comprising improved nanotube emitter assemblies 
exhibit these properties. Specifically, nanoconductor- 
based cold cathodes are capable of fast, room-temper- 
ature emission when an electric field is applied. They 45 
allow the production of a modulated electron beam over 
a distance of a few microns (as in the case of beam 
modulation performed directly by the grids), permitting 
the use of a shortened interaction region in the TWT 
tube design and resulting in a lighter, more compact so 

device. ■ . 

[0041] In operation of the device shown in Figs. 12 
and 13 an electron beam 134 is accelerated from the 
cathode 130 by high voltages applied to grids 131 and 
anode 133. The electron beam is then shot into the ss 
interaction structure 123 where it interacts with the 
microwave input signal such that the beam 1 34 is ampli- 
fied as the electrons and the signal travel together 



through the interaction structure 123. The electrons 
advantageously travel at the same velocity as the micro- 
wave signal on the interaction structure 123. The power 
of the input signal modulates the electron beam 134, 
and the modulated electron beam 134 generates an 
amplified form of the input signal at the output 124. 
[0042] When using nanoconductor-based cold 
cathodes in microwave vacuum tube devices, it is 
desired to keep electron beam spread within a reasona- 
ble level. Electrons emerge from the cathode surface 
with a nonzero velocity and at various angles to the sur- 
face normal. The field-emitted electrons thus have a dis- 
tribution of momentum values in the direction of electron 
beam trajectory. These effects - random emission of 
electrons, undesirable momentum perpendicular to the 
path from the cathode to the anode and the resulting 
crossing of electron trajectories on the microscopic 
scale - all reduce the performance of the microwav 
amplifier by giving rise to shot noise as well as the min- 
imum diameter that a convergent beam can attain. It is 
therefore desirable to inhibit electron beams from differ- 
ent apertures in the grid from merging unless the elec- 
tron beams are nearly parallel. Specifically, if the beams 
merge while individually diverging, the phase space 
density of the resultant beam will be lowered, because 
at any given point electrons are found with a vanety of 
different momenta. 

[0043] It is possible to reduce the divergence angle 
of the electrons from each aperture by creating an elec- 
trostatic lens in the aperture. However, Liouville's Theo- 
rem constrains the extent to which a lens is able to 
reduce the perpendicular momentum spread. If the 
emitting area is equal to the lens aperture, then no sub- 
stantial improvement is obtained. If the emitting area is 
smaller than the lens aperture, it is possible to reduce 
the perpendicular momentum distribution (with proper 
lens design) by the ratio of the radius of the emitting 
area to the radius of the lens. 

[0044] It is therefore desirable to allow emission 
only from small spots near the center of each aperture, 
i e at most 70% of the area and advantageously at 
most 50% of the area of the aperture. It is possibl to 
control the emission by patterning the substrate so that 
for a plurality of the emitting apertures, only a small area 
(smaller than the aperture area) is electrically conduc- 
tive It is also possible to control emission by controlling 
the nanoconductor incorporation process such that only 
the central area within the emitting aperture is activated 
and emits electrons, e.g., by depositing a non-emissive 
overlayer on the nanoconductor emitters everywhere 
but at the center of the apertures. 
[0045] The invention provides an improved tech- 
nique for reducing the divergence angle. According to 
the invention, a multilayer, apertured grid is used in 
which the first grid is operated at a negative potential. 
The multilayer grid structure has at least two layers and 
advantageously at least 4 layers of grid conductors, as 
illustrated in Fig. 14. Grid conductors 101 A, 101B, 
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101C, 101D are separated by insulators 104A, 104B, 
104C, 104D, and define aligned apertures 140. Nano- 
conductor emitters 10 located within each aperture 140 
are supported by a cathode conductor 141, which is 
located on a substrate n. The grid conductors 101A- 
101D allow the electron beams to be focused during 
traveling. The first grid layer closest to the emitters 
(101 A) is generally biased negative to reduce the per- 
pendicular momentum through suppression of field 
emission near the edge of the grid apertures 140. A 
n gative bias on the first grid also focuses a diverging 
electron beam into one that has momenta more nearly 
parallel to the surface normal. (A single grid provides 
similarly useful properties if the field applied by the 
anode is sufficiently large to force emission even in the 
pres nee of negative charged grid. However, multiple 
grids are advantageous in reducing the required voltage 
on the anode, and in providing a better collimated elec- 
tron beam.) 

[0046] The first grid is typically 0.05 to 1 0 of its aver- 
age maximum aperture dimension (e.g., diameter in the 
case of round apertures) above the cathode, advanta- 
geously 0.3 to 2. Typically, the apertures are round and 
have a diameter of 0.05 to 100 u,m, advantageously at 
least 0.1 jim, more advantageously at least 0.2 urn. This 
first grid reduces the electric field at the cathode sur- 
face, near the edge of the hole, and thereby suppresses 
emission preferentially from the edge. Successive grids 
typically exhibit positive voltages relative to the cathode. 
[0047] The muitilayered grid structure can be pre- 
pared by conventional thin film deposition and photolith- 
ographic techniques. It is also possible to prepare the 
grid structures of Fig. 14 by a particle mask technique 
as discussed previously and illustrated in Figs. 15 and 
16. The thickness of the grid conductor layers 101A- 
1 01 D is typically in the range of 0.05 to 1 00 u,m, advan- 
tageously 0.1 to 10 u.m. The grid conductor layers are 
generally selected from a metal such as Cu, Cr, Ni, Nb, 
Mo, W, or alloys thereof, but the use of conductive 
c ramies such as oxides, nitrides, and carbides is also 
possible. The insulator layers 104A-104D are typically 
form d from materials such as silica or glass. 
[0048] In Fig. 15, the mask particles 150 are typi- 
cally ferromagnetic (e.g. Fe, Ni, Co, or their alloys). 
Desirable particle size is typically in the range of 0.1-20 
ujti in average diameter. During the placement of the 
particles, e.g. by sprinkling onto the nanotube emitter 
structure, a vertical magnetic field is applied, which 
causes the ferromagnetic particles 150 to form a verti- 
cally elongated chain-of-spheres containing at least 2 
particles. Some chains-of-spheres may have more par- 
ticles than others, but this does not affect the process of 
depositing the multilayer grid structure. After alternating 
deposition of insulating spacer film (104A-104D) and 
the grid conductor film (101A-101D) into multilayer 
stacks, the magnetic field is removed. The ferromag- 
netic particles 150 are then also removed, e.g., by mag- 
netically pulling away from above using a permanent 



magnet or electromagnet, or by chemical etching. 
[0049] An alternative particle mask approach is 
schematically illustrated in Fig. 16. In this approach, 
elongated or prolate ferromagnetic particles 160 are 
5 sprinkled in the presence of vertical magnetic field so 
that they stand up vertically due to shape anisotropy 
and to serve as mask particles during the subsequent 
deposition of the multilayer grid structure (100A-100D 
and 101A-101D), conductor layer 11 and nanoconduc- 
io tor emitters 10. For convenience, the conductor/nano- 
conductor assembly can be supported on a larger 
substrate 141. 

[0050] The elongated mask particles 160 typically 
have an average axial maximum dimension, e.g., diam- 
15 eter, in the range of 0.1-20 (irn, and a length to diameter 
aspect ratio of at least 2. It is possible to prepare the 
particles 160, for example, by thin film deposition (e.g. 
by sputtering, evaporation, electroless plating) of the 
mask material through a perforated template (not 
20 shown) placed at a desired height above the nanocon- 
ductor emitter layer. Suitable materials for this type of 
elongated mask particles 160 include metals such as 
Cu, Al, Ni, easily water or solvent dissolvable polymers 
(e.g., polyvinyl acetate, polyvinyl alcohol, polyacryla- 

25 mide, acrylonitrile-butadiene-styrene or ABS), volatile 
polymers (e.g., PMMA), or easily dissolvable salts (e.g., 
NaCI). After deposition of the particles, the template is 
removed, and the multilayer grid structure is formed by 
deposition over the mask particles. The mask particles 

30 are then dissolved away to expose the aperture. 

[0051] The cathode and gate structure of Fig. 14, 
as used in a microwave amplifier, is not necessarily flat 
in surface geometry. It is possible to use a reshaped 
bulk nanoconductor composite emitter, or a curved sub- 

35 strate having thin film array emitters deposited thereon. 
The curved substrate is prepared, for example, by etch- 
ing or mechanical polishing (e.g., in the case of materi- 
als such as Si) or by plastic deformation (e.g., in the 
case of ductile metals such ad Cu, Mo, Nb, W, Fe, Ni, or 

40 alloys thereof). 

[0052] Advantageously, the nanoconductor-con- 
taining cathode and multilayer grid structure of Fig. 1 4 is 
used in a TWT, instead of a thermionic emission cath- 
ode. Also, the cathode/grid structure of Fig. 1 4 is advan- 

45 tageously slightly concave for the purpose of focusing 
the emitted electrons into a beam. 
[0053] The nanoconductor emitter structures of 
Figs. 13 and 14, reduce the perpendicular momentum 
spread of electrons emitting from the cathode due to 

so four features. (1) Low voltage emission is conducive to 
reduced beam spreading. If the emitter geometry is held 
constant, the perpendicular momentum spread scales 
as the square root of the emission voltage. The use of 
field-concentrating, low-density protruding nanotube 

55 emitters prepared according to the invention allows low 
voltage emission and hence reduced perpendicular 
momentum in microwave amplifier operation. (2) Elec- 
tron emission is restricted to the central area portion, 
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which is much smaller than the entire grid aperture 
area (3) The electron beam is focused by the stack of 
the multilayer grid structure. (4) A concave substrate fur- 
ther focuses the electron beam. 
[0054] It is also possible to use the nanoconductor- 
based emitters of the invention to fabricate a flat panel, 
field emission display. Such a field emission display is 
constructed, for example, with a diode design (i.e., cath- 
ode-anode configuration) or a triode design (i.e., cath- 
ode-grid-anode configuration). Advantageously, a grid 
electrode is used, more advantageously a high density 
aperture gate structure placed in proximity to the nano- 
conductor emitter cathode, as discussed previously. 
[0055] For display applications, emitter material 
(the cold cathode) in each pixel of the display desirably 
consists of multiple emitters for the purpose, among 
others, of averaging out the emission characteristics 
and ensuring uniformity in display quality. Because of 
the nanoscopic nature of the nanoconductors, the emit- 
ter provides many emitting points, typically more than 
10 4 emitting tips per pixel of 100x100 urn 2 , assuming 
0 01-1% areal density of nanoconductors with a tubular 
diameter of 5-1 00 nm. Advantageously, the emitter den- 
sity in the invention is at least 1/um 2 , more advanta- 
geously at least 10/um 2 . Because efficient electron 
emission at low applied voltage is typically achieved by 
the presence of accelerating gate electrode in close 
proximity (typically about 1 micron distance), it is useful 
to have multiple gate apertures over a given emitter 
area to utilize the capability of multiple emitters. It is also 
desirable to have fine-scale, micron-sized structure with 
as many gate apertures as possible for increased emis- 
sion efficiency. . . 
[00561 Fig. 1 7 illustrates a flat panel field emission 
display using a nanoconductors emitter structure of the 
invention. The display contains a cathode 1 1 including a 
plurality of nanoconductor emitters 10 and an anode 
102 disposed in spaced relations from the emitters 10 
within a vacuum seal. The anode conductor 1 02 formed 
on a transparent insulating substrate 170 is prov.ded 
with a phosphor layer 171 and mounted on support pil- 
lars (not shown). Between the cathode and the anode 
and closely spaced from the emitters is a perforated 
conductive gate layer 101 . Conveniently, the gate 101 is 
spaced from the cathode 11 by an insulating layer 104. 
[0057] The space between the anode and the emit- 
ter is sealed and evacuated, and voltage is applied by 
power supply 172. The field-emitted electrons from the 
nanoconductor emitters 10 are accelerated by the gate 
electrode 101, and move toward the anode conductor 
layer 102 (typically a transparent conductor such as 
indium-tin oxide). As the accelerated electrons hit the 
phosphor layer 171, a display image is generated. 
[0058] It is to be understood that the above- 
described embodiments are illustrative of only a few of 
the many possible specific embodiments which can rep- 
resent applications of the principles of the invention. 
Numerous and varied other arrangements can be read- 



ily devised by those skilled in the art without departing 
from the spirit and scope of the invention. 

Claims 

1 in an assembly of nanoscale conductors compris- 
ing a substrate and a plurality of nanoscale conduc- 
tors attached to the substrate, the conductors 
extending from a substrate surface to tips and hav- 
10 ing diameters in the range i .0 - 1 00 nm and lengths 
In the range 0.5 - 100 u,m; 

the improvement wherein the average separa- 
tion distance between adjacent nanoscale con- 
ductors is at least 0.1 times the average 
conductor height above the surface. 
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2 The assembly of claim 1 wherein the average sep- 
aration distance is at least 0.5 times the average 
20 height 

3. The assembly of claim 1 wherein the nanoscale 
conductors are carbon nanotubes. 

25 4. The assembly of claim 1 wherein the nanoscale 
conductors are semiconductor nanowires. 

5 The assembly of claim 1 wherein the substrate sur- 
face is planar and the conductors are substantially 

30 perpendicular to the planar surface with an average 
deviation of alignment less than 30° from the per- 
pendicular. 

6 The assembly of claim 1 wherein the conductors 
as ' are substantially equal in height to within 20% of the 

average height. 

7 In an electron field emitting device comprising a 
cathode, a plurality of field emitter tips, a grid 

40 spaced relatively close to the emitter tips and an 
anode spaced relatively farther from the tips, 

the improvement wherein the field emitting 
device comprises the assembly of claim 1 with 
the substrate of the assembly comprising the 
cathode and the tips of the conductors com- 
prising the emitter tips. 



45 



50 



55 



8 In a microwave vacuum tube amplifier comprising 
an evacuated tube, a source of electrons within the 
tube, an input for a microwave signal, an interaction 
structure within the tube for interacting the input sig- 
nal with electrons and an output for an amplified 
microwave signal; 

the improvement wherein the electron source 
comprises a field emitting device according to 
claim 7. 
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9, In a disriay device comprising a cathode including 
a pluraury of electron emitters, an anode disposed 
in spaced relation to the emitters, the anode includ- 
ing a phosphor layer, and a gate disposed between 
the emitters and the anode, 5 

the improvement wherein the display device 
comprises the assembly of claim 1 with the 
substrate of the assembly comprising the cath- 
ode and the tips of the conductors comprising io 
the emitters. 



growing the nanoscale conductors from the 
catalyst regions. 

15. The method of claim 12 further including the step of 
covering areas of the surface with non-catalytic 
material to increase the separation distance 
between exposed catalytic regions from which con- 
ductors can be grown. 



1 0. A method of making an assembly of nanoscale con- 
ductors comprising the steps of: 

75 

providing a substrate having a surface; 



forming on the surface of the substrate a tan- 
gled mass of nanoscale conductors having free 
ends extending in height above the surface, the 20 
average separation distance between the free 
ends at least 0.1 times the average height. 

11. The method of claim 1 0 wherein the average sepa- 
ration distance is at least 0.5 times the average 25 
height. 



12. A method of making an assembly of nanoscale con- 
ductors comprising the steps of: 

30 

providing a substrate having a surface, the sur- 
face including limited area regions of nucleat- 
ing catalyst for growing nanoscale conductors 
extending in height above the surface, the sep- 
aration distance between the catalyst regions 35 
at least 0.1 times the average height of growth; 
and 



growing the nanoscale conductors from the 
catalyst regions. 40 

13. The method of claim 12 further including the step of 
covering areas of the surface with non-catalytic 
material to increase the separation distance 
between exposed catalytic regions from which con- 45 
ductors can be grown. 

14. A method of making an assembly of nanoscale con- 
ductors comprising the steps of: 

50 

providing a substrate having a porous surface; 

forming in pores of the surface regions of 
nucleating catalyst for growing nanoscale con- 
ductors extending in height above the surface, 55 
the separation distance between the catalyst 
regions at least 0.1 times the average height of 
growth; and 
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